We measure momentum transferred from a single pulse of a standing wave of light to a sample of ultracold sodium atoms, and observe a sharp increase in the momentum transfer when the pulse duration exceeds a critical value t cr . A classical analysis of nonlinear resonances shows that resonance overlap occurs at t cr , and there is a transition to global classical chaos. These results are a direct experimental test of the "resonance overlap criteria" and illustrate that even the turning on and off of a simple spatially periodic interaction can lead to surprising and novel results. PACS numbers: 05.45.+b, 32.80.Pj, 42.50.Vk Time-dependent Hamiltonian dynamics exhibit a wide range of novel effects in both classical and quantum domains [1, 2] . Possibly the simplest time-dependent potential is the turning on and off of an interaction, though even here our intuition is clear only for the two extreme cases of fast passage and adiabatic interactions. Since the majority of cases fall between these two limits, it is important to develop a clear understanding and simple physical pictures at intermediate time scales. We show that when the interaction is nonlinear, the mere act of turning on and off a potential in this intermediate regime can lead to classical chaos. Further, we provide a clean experimental demonstration of the classical mechanism of resonance overlap [3] [4] [5] which leads to classically diffusive growth.
Time-dependent Hamiltonian dynamics exhibit a wide range of novel effects in both classical and quantum domains [1, 2] . Possibly the simplest time-dependent potential is the turning on and off of an interaction, though even here our intuition is clear only for the two extreme cases of fast passage and adiabatic interactions. Since the majority of cases fall between these two limits, it is important to develop a clear understanding and simple physical pictures at intermediate time scales. We show that when the interaction is nonlinear, the mere act of turning on and off a potential in this intermediate regime can lead to classical chaos. Further, we provide a clean experimental demonstration of the classical mechanism of resonance overlap [3] [4] [5] which leads to classically diffusive growth.
This general problem is posed in the context of atom optics with ultracold atoms. The nonlinear interaction is a single pulse of a one-dimensional standing wave of light. This type of time-dependent interaction is ubiquitous and occurs, for example, whenever an atomic beam passes through a standing wave of light.
The starting point for this discussion is the model of a two level atom (transition frequency v 0 ) interacting with a standing wave of near-resonant light (frequency v L ) which is turned on and off with a time-dependent function f͑t͒. For sufficiently large detuning d L v 0 2 v L (relative to the natural linewidth), the excited state amplitude can be adiabatically eliminated [6] , leading to a Hamiltonian for the ground state H p 2 ͞2M 2 ͑hV eff ͞8͒f͑t͒ cos2k L x. k L is the wave number, and V eff V 2 0 ͞d L is the effective Rabi frequency. The resonant Rabi frequency V 0 is proportional to the square root of the standing wave intensity [7] . We consider here the case f͑t͒ sin 2 v m t͞2, where v m is a radio frequency. In the experiment, only a single pulse of duration T s 2p͞v m is used.
The experimental study of this time-dependent interaction consists of three important components: initial conditions, interaction potential, and measurement of atomic momentum, which occur as a computer-controlled sequence of steps. The sequence is repeated for a range of different interaction pulse durations. The initial conditions consist of ultracold sodium atoms trapped and laser cooled in a standard s 1 2 s 2 magneto-optic cell trap (MOT) [8] . A single-mode dye laser is intensity stabilized to approximately 1% and servo locked 20 MHz to the red of the ͑3S 1͞2 , F 2͒ ! ͑3P 3͞2 , F 3͒ transition at 589 nm. Optical pumping to the F 1 ground state is prevented by 15% sidebands at 1.712 GHz. Approximately 10 5 atoms are trapped in a Gaussian distribution of position (s x 0.12 mm) and momentum (of width s p , centered at p 0). This sample is sufficiently dilute that atom-atom interactions are negligible. The experiments therefore probe single-atom phenomena although the measurements are done on an ensemble. After the cooling and trapping stage, the MOT laser beams and gradient coils are turned off. The sidebands are turned off 50 ms prior to the turn off of the MOT beams in order to pump the atoms into the F 1 ground state.
The interaction potential is provided by a second stabilized single-mode dye laser that is retroreflected from a mirror to form a standing wave at the atoms. To ensure a uniform light field the beam is first spatially filtered, and is then focused to a waist which is large (1.2 mm) compared to the atomic sample. A fast acousto-optic modulator (25 ns rise time) controls the single sin 2 ͑pt͞T s ͒ pulse amplitude, where T s ranges from 100 ns to 5 ms. The firstorder diffraction efficiency of an acousto-optic modulator is proportional to sin 2 ͑pV ͞2V sat ͒, where V is the applied voltage, and V sat the saturation voltage. Therefore a linear ramp up and down in V produces the desired line shape. A fast photodiode detects the amplitude as a function of time, which is then digitized and stored. The photodiode output is also measured on an electronic spectrum analyzer to determine spectral purity. The spectrum consists of the fundamental at a frequency of 1͞T s , and the second harmonic is 20 dB lower. The effect of the second harmonic on the analysis of nonlinear resonances is small and is within our experimental uncertainty. Harmonics higher than the second are negligible.
After the interaction pulse the atoms expand freely for 5 ms, after which the s 1 2 s 2 beams are turned back on, this time without the magnetic field gradient, forming optical molasses [8] . The motion of the atoms in the molasses is overdamped and is effectively "frozen" for short times during which the fluorescence is recorded on a charge-coupled device. The resulting 2D image can be integrated to give the 1D distribution along the interaction potential axis. The final spatial distribution, along with the initial spatial distribution and the free-expansion time, enable the determination of the momentum distribution of the atoms.
The measured momentum distributions as a function of pulse duration T s are shown in Fig. 1 . For short interaction times, the final distribution is nearly identical to the initial one (T s 0) indicating the fast passage limit. With increasing pulse duration the line shape broadens, and undergoes a transition to a flat, broad line shape. For a pulse duration of 1 ms the line shape becomes exponential which is a signature of dynamical localization within a bounded region of momentum, though this is not the focus of this Letter. For even longer times the distribution becomes narrow and asymptotically approaches the initial line shape which is to be expected in the adiabatic limit.
At first sight the dependence of momentum spread on pulse duration appears counterintuitive, and clearly points to new physics that is occurring at intermediate time scales between the limits of fast passage and adiabatic interactions. As we will show below, this behavior is strongly correlated with changes in the classical dynamics. To analyze our problem, we expand the Hamiltonian
and obtain 
where [3, 4] , neighboring resonances overlap and the particle can now classically diffuse in momentum over a bounded region demarcated by confining Kolmogorov-Arnold-Moser surfaces. Operationally, this condition is reached either by increasing the pulse duration for fixed laser intensity, as in our experiments, or by increasing the laser intensity for fixed pulse duration. Substituting for the widths provides an estimate of the time scale t cr
beyond which the resonances overlap. On recognizing t HO 2p͞ p v r V eff to be the period of the small oscillation limit to the pendulum (harmonic oscillator), the threshold for overlap is given by T s . 0.28t HO .
The three rows of panels in Fig. 2 display the classical phase portraits (top), final momentum distributions calculated from the classical dynamics (middle), and the experimental results together with a quantum simulation (bottom). Each column corresponds to a different single pulse duration. In both the classical and quantum calculations, the initial momentum spread is taken from the temperature measurements in the experiment. The quantum calculation is a space-time integration of the Schrödinger equation starting from a squeezed wave-packet initial condition (see the second paper in Ref. [7] for details).
At these parameter values, resonance overlap is predicted to occur around t cr 245 ns. As illustrated in the first column of panels, for durations less than this value the classical phase space consists of three isolated resonances and the initial distribution remains trapped within the central island. Some "heating" of the initial condition can occur as the distribution spreads within this island. On crossing the threshold for overlap, a chaotic band appears over which the classical particle can diffuse. Quantum effects usually suppress this behavior and lead to dynamical localization [6, 7] which results in an exponential line shape for a pulse duration of T s 1 ms in Fig. 2 . However, for interaction times short compared to the quantum break time [2, 9] , classical and quantum simulations agree, even in the presence of chaos, as evident in the second and third columns. Both simulations display peaks near the momentum boundaries which show up as less pronounced shoulders in the experimental distributions. This regime of short interaction times in the presence of nearby momentum boundaries is particularly sensitive to variations in V eff present in the experiment. The effect of this variation is similar to having a range of interaction times. We have verified that time averaging resolves the discrepancy between the simulations and the experiment though this is not relevant to the focus of this Letter. It should be noted that for parameters where the adiabatic time scale is comparable to the break time the regime of quantum suppression is not clearly demarcated. As discussed later, the results shown in Fig. 3 illustrate this feature.
To experimentally determine the classical threshold t cr for overlap, we must distinguish the momentum growth associated with spreading within the primary resonance from diffusion that can occur after resonance overlap. This is accomplished by measuring the momentum transferred from a potential V ͑x͒ ͑hV eff ͞16͒ cos͑2k L x͒ turned on and off as a square pulse with the same duration as the sin 2 case. Here, there is only a single resonance which is identical to the primary resonance in the sin 2 pulse due to the choice of relative amplitudes. Therefore, the rms prior to resonance overlap should be the same in both cases. After resonance overlap is crossed, there should be a distinct increase in the sin 2 rms as compared with the square pulse. The experimental results in Fig. 3(a) show the rms momentum for both cases as a function of pulse duration (rise and fall times of 25 ns are included in the square pulse duration). These agree well with classical numerical simulations in Fig. 3(b) and the estimated resonance overlap threshold. For the square pulse, the oscillation within the spatially periodic potential is clear and agrees with the single particle quantum description of the experimental atomic ensemble. Note that the crossing of the overlap threshold is clearly visible in the line shapes shown in Fig. 1 although the rms provides a simple quantitative signature.
In the limit of long pulse period one expects adiabatic behavior and in simple quantum systems such as the harmonic oscillator, the conditions for adiabaticity are clear. However, in nonlinear quantum systems there is generally not a single time scale, and the conditions for adiabaticity must be analyzed more carefully. A prominent feature in the phase portraits in Fig. 2 is the narrowing of the chaotic band, measured in momentum units of 2hk L , with increasing pulse duration. This is seen easily by considering the width of the band of chaos given by Dr͞k 2 ͑ Dp͞2hk L ͒ 2͑1 1 p 2k͒͞k 2 which on defining the pulse duration T s at HO can be rewritten as
Thus the number of states (separated by 2hk L ) within the chaotic band decreases with increasing pulse duration. A simple estimate for an adiabatic threshold is obtained by setting Dr͞k 2 equal to the initial thermal momentum spread of the atoms. Operationally, this condition requires the width of the chaotic band to be several times the width s p of the thermal Gaussian. For example, considering 
which is valid when the denominator is positive and which shows a strong dependence on the initial momentum width. Thus, for the parameters of Fig. 2 (s p 2.9) adiabatic behavior occurs only for times longer than ഠ25 ms while for Fig. 3 (s p 3.8 ) the threshold is ഠ2 ms. These time scales are fully consistent with the experimental pulse durations where the line shape approaches the initial condition. Our discussion has focused on the sin 2 pulse profile, though these results can be applied to other pulse shapes. For example, earlier work on momentum transfer was performed in an atomic beam crossing a standing wave of light [10] . The resulting temporal pulse is then of the form e 2͑t͞T͒
2 . In practice, the laser beam profile has a natural cutoff imposed by spatial filtering which leads to a welldefined period of the pulse analogous to the pulse duration in the sin 2 profile. The potential can now be written as a discrete Fourier sum in multiples of this fundamental frequency and resonance overlap can result. Parameters where resonance overlap is significant can be attained though this was not the case for the parameters in Ref. [10] .
In conclusion, we have tested experimentally the resonance overlap route to global classical chaos. These results illustrate that for nonlinear time dependent systems, novel physics can occur on intermediate time scales. This "gray zone" between fast passage and adiabatic interactions is, in fact, the generic situation and must be studied. In particular, interactions of standing waves of light with ultracold atoms clearly fall into this category and progress in control and manipulation of atomic motion must take these factors into account.
The work of M. G. Raizen was supported by ONR, the R. A. Welch Foundation, and NSF. Bala Sundaram is grateful for the support of NSF.
